We have characterized the electrical conductivity of the composite which consists of multi-walled carbon nanotubes dispersed in SU8 epoxy resin. Depending on the processing conditions of the epoxy (ranging from non-polymerized to cross-linked) we obtained tunneling and percolating-like regimes of the electrical conductivity of the composites. We interpret the observed qualitative change of the conductivity behavior in terms of reduced separation between the nanotubes induced by polymerization of the epoxy matrix.
We have characterized the electrical conductivity of the composite which consists of multi-walled carbon nanotubes dispersed in SU8 epoxy resin. Depending on the processing conditions of the epoxy (ranging from non-polymerized to cross-linked) we obtained tunneling and percolating-like regimes of the electrical conductivity of the composites. We interpret the observed qualitative change of the conductivity behavior in terms of reduced separation between the nanotubes induced by polymerization of the epoxy matrix.
Carbon nanotubes, 20 years after their discovery are in the stage where the focus is more and more on their applications. The physical properties which are beneficial for applications are good electrical conductivity (σ), exceptionally high thermal conductivity, and their high mechanical strength. These properties are preferentially used in composites, where carbon nanotube fillers can provide the missing property of the matrix, for example the electrical conductivity. The metallic carbon nanotubes (CNTs) added in concentrations beyond the percolation threshold to the insulating matrix can give an antistatic composite, 1 transparent conducting electrode, 2 or other large area conducting materials. 3 In composite materials, one main issue is the possibility of combining the properties of the filler with those of the matrix. In this respect, SU8 matrix, which is a well-established engineering material for micro-and nano-fabrication, offers wide range opportunities. SU8 is an epoxy-based, negative-tone, UV-sensitive photoresist which besides SU8 resin, contains an organic solvent and a photoinitiator (PI) to provide crosslinking of the oligomers (see a schematic representation of the SU8 epoxy in Fig. 1 ). 4 One of the great advantages of SU8 is that it can allows fabrication of high aspect ratio three-dimensional structures in a broad range of thicknesses and hence it is often used in nano-and macrometer sized devices. 5 The disadvantages of SU8 are that it is an electrical insulator, it is brittle and it has a low thermal conductivity. It would be desirable not to have all these drawbacks, so numerous fillers materials were used to prepare SU8-based composites. [6] [7] [8] Here we report the electrical conduction of multi-walled carbon nanotubes-SU8 composite materials (hereafter CNTs-SU8) for a broad concentration range of well-dispersed CNTs. The CNTs-SU8 inks were prepared with and without PI, giving composites with and without cross-linked matrix, respectively. From the theoretical point of view, these two cases are equivalent to study the conduction mechanism of an assembly of CNTs in a solid and in a "liquid" matrix. Interestingly, beside the effects on the conductivity level, the functional dependence of σ on the CNTs' content noticeably differs for these two cases. • C using Fe-Co catalytic particles supported by CaCO 3 . Afterwards, CNTs were purified in order to remove the catalytic particles and the supporting material. A typical TEM image of CNTs is shown in the upper panel of Fig. 1(a) . The average CNTs' diameter distribution was 13.3 nm, while the typical length was approximately 10 µm. 9 CNTs were dispersed in the SU8 by sonication in the presence of surfactant. 10 In the last step PI was added for the sample foreseen for polymerization. 11 Afterwards, the ink was spread by doctor blading on a clean glass slide. In this study, we had three sets of composite samples. By soft baking of inks on glass slide at 95
• C, the solvent was evaporated (step 1). At this point we obtained samples (the first set) of composites with non-polymerized matrix. The matrix of composites was thermally cross-linked by baking at 150
• C, 12 what gave composite samples (the second set) with polymerized SU8. Subsequent hard bake (an optional step in the standard SU8 processing) at 200
• C provides the third set of the samples studied in this work. The schematic representation of the sample preparation is shown in Fig. 1(b) . Figure  2 shows TEM images of microtome slices of CNT-SU8 composites. From each step a sample of characteristic planar size of 2 × 1 cm 2 was tailored and prepared for 4-contact resistivity measurements. The composites contained from x = 0.1% to x = 5% of CNTs in weight with respect to the weight of SU8. Up to 19 different CNTs concentrations were prepared and measured.
In Fig. 3 the results of 4-point electrical conductivity (σ) measurements are shown for the CNTs-SU8 composites as a function of the volume fraction of CNTs for three different stages of CNTs-SU8 composites with respect to the crosslinking of the polymer matrix: non-polymerized (denoted hereafter as N-P), polymerized (denoted hereafter as P), and polymerized and baked (denoted hereafter as P-B). On the sketch of Fig. 1 (b) these stages correspond to the processing steps 1, 2 and 3. In order to facilitate comparison with theory, in Fig. 3 we report σ as a function of the CNT volume fraction φ, defined as φ = ρ SU8 x/(ρ CNT + ρ SU8 x), where x is the weight ratio of CNTs and SU8, ρ SU8 = 0.998 g/cm 3 and 1.218 g/cm 3 are the mass densities of non-polymerized and polymerized SU8, respectively, 13 and
is the mass density of CNT. Two main features are distinguishable from Fig. 3 . First, the conductivity values at low φ for composites P and P-B are larger than those for the composite N-P at similar volume fractions. Second, as it can be inferred from Figs. 3(b) and (c), the behavior of σ as φ goes to zero for the N-P is qualitatively different from that displayed by composites P and P-B. In particular, the conductivity data for the two latter composites follow approximately a straight line when plotted in a doublelogarithmic scale, as shown in Fig. 3(b) . This trend is consistent with a power-law behavior of the form σ ∼ (φ − φ c ) t , with a critical concentration φ c close to zero, which suggests a percolation-like mechanism of transport.
14 On the contrary, as shown in Fig. 3(b) , the conductivity prior to polymerization (N-P samples) drops faster than a power-law as φ → 0. It turns out that in the case of N-P composites the measured conductivity data follow approximately a straight line when plotted as ln(σ) versus 1/φ, Fig 3(c) , which is consistent with a tunneling mechanism of transport between conducting CNTs dispersed homogeneously in the matrix. 15 The conductivity data shown in Fig. 3 suggest that polymerization-caused change in the composite structure is responsible for the change in the conductivity behavior observed for the composites with polymerized and nonpolymerized matrix. In particular, this structural effect appears to favor the inter-tube electrical connectedness and to simultaneously turn the functional dependence of σ from the tunneling-type in N-P composites to the percolation-like in P and P-B composites.
A possible structural mechanism capable of explaining this behavior could be identified in the reduced CNT separation induced by the polymerization of the SU8 matrix. Indeed, while the ln(σ) ∝ −1/φ behavior is expected for homogenous dispersions of nanotubes, 15 a percolation-like conductivity arises when current flows through clusters of conducting objects in close contact.
To show in more details how reduced inter-tube separations could account for the tunneling-to-percolation crossover shown in Fig. 3 , we model the CNT-SU8 system as given by isotropically oriented tubes of length L and diameter D ≪ L dispersed in an insulating continuous matrix. The inter-tube electrical connectedness is established by tunneling processes with conductance g(r ij ) = g 0 exp[−2(r ij − D)/ξ], where r ij is the distance between the centerlines of two tubes i and j, g 0 is the contact conductance, and ξ is the tunneling decay length. The overall conductivity of the system can be estimated by using the effective medium approximation (EMA) which replaces each tunneling conductance g(r ij ) by an effective conductance independent of r ij . By requiring equivalence between the original tunneling network and the effective one, the resulting EMA conductance g * in units of g 0 is obtained by the solution of the following equation:
where the radial distribution function g 2 (r) is proportional to the probability density of finding a tube at distance r from a given tube. 17 Since in Eq. (1) the structural characteristics of the CNT dispersions are entirely contained in g 2 (r), a simple way to simulate the effects of reduced mean tube separations is to use a radial distribution function with enhanced population of tubes at close distances. If we neglect details and retain only the gross features, a simple model is thus g 2 (r) = aδ(r − D) + 1 for r ≥ D, where δ(r − D) is a Dirac-delta function centered at D and a is a phenomenological parameter measuring the "stickiness" between the nanotubes. 18 When this form for g 2 (r) is inserted in Eq. (1) we find:
where χ = 2La/D 2 . To better describe the percolation behavior, in the denominator of the first term of Eq. (2) we have replaced 1 + g * with 1 + g * 1/t , where t is the percolation transport exponent. In this way, when the first term in the left hand-side of Eq. (2) dominates over the second one, the solution reduces to: g * = (φ − 1/χ) t , i.e., the conductivity (which is proportional to g * ) follows a percolation-like behavior with critical concentration 1/χ and transport exponent t. Conversely, when χ = 0, or when g * ≪ 1, the second term of Eq. (2) becomes dominant and the transport becomes of tunneling type:
The above expression can be derived also by the method of the critical path approximation, according to which the conductivity is proportional to exp(−2δ c /ξ), 19 where δ c = D 2 /2Lφ is the critical connectedness distance for homogeneous dispersions of slender tubes. 20, 21 Percolation-like and tunneling-like regimes can thus be both obtained from Eq. (2) as limiting behaviors governed by the mean inter-particle separation.
In Fig. 3 we show by solid lines the EMA conductivity σ = σ 0 g * , where g * is the solution of Eq. (2) with the parameters χ, t and σ 0 obtained from the least square fits to the experimental data. The fitting parameter σ 0 accounts for the contribution of the contact conductance (g 0 ) to the conductivity. For the case N-P, we have set χ = 0 (i.e., "stickiness" parameter a is zero) and D 2 /ξL = 0.019, which reproduces the tunneling behavior of Eq. (3). By using D ≈ 13.3 nm and L ≈ 10 µm, we find thus ξ ≈ 0.93 nm, which is a quite reasonable values for the tunneling decay length. For the two polymerized cases (P and P-B), the best fits are obtained for χ = 4062 and t = 2.86 for the P composites and χ = 22500 and t = 2.51 for the hard-backed system P-B, with negligible dependence on D 2 /ξL in the explored concentration range. Considering that L/D ≈ 750, the "stickiness" parameter thus increases from a/D ≈ 2.7 to a/D ≈ 15 for the P and P-B composites respectively, which indicates an increase in the population of nanotube "at contact" upon hardbacking. We note, furthermore, that the values of the transport exponent t are comprised between t ≃ 2 and t = 3, which represent percolation in three dimensions and in mean-field regime, respectively. 14, 22 Percolation of slender nanotubes is considered to belong to the mean-field universality-class.
It is worth pointing out that the theoretical interpretation of the conductivity data of Fig. 3 is based on a model of straight and monodisperse nanotubes, which is certainly an oversimplification of the real CNTs-SU8 system. The effect discussed here is however rather general since it relies only on the enhanced probability of having nanotubes with short separations. Furthermore, effects from waviness and size polydispersity of nanotubes are expected to partially compensate each other, since they affect conductivity in the opposite way. 20, 21, 23 The effect of correlations (which can be linked to the contact value of the radial distribution function) on the percolation properties of polydisperse rods has been recently studied in Ref. 24. In conclusion, the practical message of this study is that one can make a well-defined, high quality composite of CNTs and SU8, where the conductivity can be fine tuned by adjusting the volume fraction of CNTs or the processing conditions of the composite. On the fundamental research side the N-P composite set is especially interesting. It corresponds to the conduction in a liquid-like matrix which is well described by tunneling processes between homogeneously dispersed CNTs. On the contrary, the sets of polymerized composites (P and P-B) follow a percolation-like dependence of the conductivity, which we interpret as due to a reduction of the mean nanotube separation induced by polymerization of the SU8 matrix. It is worth to point out that our interpretation predicts that the percolation-like behavior of the polymerized composites is expected to evolve into a tunneling-like one for φ lower than 1/χ, which is however outside of our concentration range for the P and P-B samples. Finally, our results suggest that the polymerized SU8 matrix has an active role in the conduction process of the composites, and that enhanced conductivity is attained at low CNT concentrations as a result of an effective CNT "stickiness" driven by the polymerization process.
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